Background: A high calcium intake, mainly from dairy products, may increase prostate cancer risk by lowering concentrations of 1,25-dihydroxyvitamin D 3 [1,25(OH) 2 D 3 ], a hormone thought to protect against prostate cancer. The results of epidemiologic studies of this hypothesis are inconclusive. Objective: We investigated the association between dairy product and calcium intakes and prostate cancer risk in the Physicians' Health Study, a cohort of male US physicians. Design: At baseline, the men answered abbreviated dietary questionnaires. During 11 y of follow-up, we documented 1012 incident cases of prostate cancer among 20 885 men. We estimated dairy calcium intake on the basis of consumption of 5 major dairy products and used logistic regression to estimate relative risk. Results: At baseline, men who consumed > 600 mg Ca/d from skim milk had lower plasma 1,25(OH) 2 D 3 concentrations than did those consuming ≤ 150 mg Ca/d [71 compared with 85 pmol/L (30.06 compared with 35.64 pg/mL); P = 0.005]. Compared with men consuming ≤ 0.5 daily servings of dairy products, those consuming > 2.5 servings had a multivariate relative risk of prostate cancer of 1.34 (95% CI: 1.04, 1.71) after adjustment for baseline age, body mass index, smoking, exercise, and randomized treatment assignment in the original placebo-controlled trial. Compared with men consuming ≤ 150 mg Ca/d from dairy products, men consuming > 600 mg/d had a 32% higher risk of prostate cancer (95% CI: 1.08, 1.63). Conclusions: These results support the hypothesis that dairy products and calcium are associated with a greater risk of prostate cancer.
INTRODUCTION
Prostate cancer remains the most common cancer among men in the United States and is a leading cause of cancer death. Few modifiable risk factors have been well established, although several dietary risk factors have been investigated in the past decade. Greater intakes of dairy products, meat, fat, and total energy and lower intakes of tomato products, lycopene, selenium, and vitamin E have all been linked to higher prostate cancer risk (1) (2) (3) .
Countries with a high per capita consumption of dairy products have higher incidence rates of prostate cancer than do countries in which few dairy products are consumed. Twelve of 14 epidemiologic studies, summarized in a review (4) , reported relative risks (RRs) of 1.5-2.5 comparing high with low dairy product intake. Dairy products are a major source of calcium; dietary calcium could influence prostate cancer development by down-regulating the production of 1,25-dihydroxyvitamin D 3 [1, 25(OH) 2 D 3 ], a hormone thought to protect against prostate cancer (4, 5) .
The prospective Health Professionals Follow-up Study (HPFS) reported a multivariate RR of metastatic prostate cancer of 4.57 (95% CI: 1.88, 11.1) for men consuming > 2000 mg Ca/d compared with < 500 mg/d (6) . In an analysis limited to calcium from supplements only, the association remained strong, indicating that calcium, and not some correlate in dairy products, enhanced risk. A large, population-based, case-control study in Sweden found a similar association for dietary calcium (7) , and both studies reported the strongest associations for advanced or metastatic prostate cancer.
In contrast with these results, an analysis of baseline dietary data from the Finnish ␣-Tocopherol ␤-Carotene Cancer Prevention Trial (8) showed a statistically nonsignificant positive association for calcium intake and prostate cancer risk (for high versus low quintiles, RR = 1.6; 95% CI: 0.8, 3.0). This study included only 184 cases, however, and calcium intake was uniformly higher than in the other populations. The results of the Netherlands Cohort Study showed a significant positive trend for milk products (P = 0.02), but not for calcium (9) . Three case-control studies-in the United States (10), Greece (11) , and Japan (12)-found no significant association between dietary calcium and prostate cancer risk, whereas a Serbian case-control study observed a statistically significant inverse trend for calcium and prostate cancer (13) . The Greek study, however, did observe a positive nonsignificant association for milk and dairy product intake and risk of prostate cancer (11) . A US case-control study reported no association between calcium supplement use and prostate cancer risk (14) . In summary, the evidence for an association between calcium intake and prostate cancer risk, although suggestive, remains conflicting and limited. Thus, we investigated dairy product and dietary calcium intakes and prostate cancer risk in a distinct US population of male physicians.
SUBJECTS AND METHODS

Subjects
The Physicians' Health Study was a randomized, blinded, placebo-controlled trial of aspirin and ␤-carotene conducted among 22 071 US male physicians beginning in 1982; the primary trial results were published previously (15, 16) . Men completed brief follow-up questionnaires after the 18-wk run-in period and annually thereafter through 31 December 1995.
For the current investigation, we limited the study population to the 20 885 men who returned the relevant abbreviated dietary questionnaires, did not have a diagnosis of cancer at baseline, and provided information on body mass index. Follow-up was > 99% complete during the 11-y period from baseline-which was the return date of the 24-mo questionnaire (Ϸ1984)-through 31 December 1995 (16) . The study design and methods used in this investigation were reviewed and approved by the Human Research Committee of Brigham and Women's Hospital.
Identification of prostate cancer cases
During follow-up, we documented 1012 incident self-reported cases of prostate cancer among the 20 885 men in our study population. When a participant reported a new diagnosis of prostate cancer, we requested permission to obtain hospital records and pathology reports for review by the study investigators. Information on tumor grade and stage at diagnosis was extracted, and the diagnosis of prostate cancer was confirmed by medical chart review in 99.1% (1003/1012) of cases. To examine possible different effects of dairy product and calcium intakes on advanced compared with nonadvanced cancer, we considered a man to have advanced disease if he fulfilled at least one of the following criteria: 1) he was diagnosed with stage C or D prostate cancer (on the basis of the Whitmore-Jewett classification scheme; 17), 2) his tumor had poor histologic differentiation at diagnosis, or 3) he had a Gleason tumor grade of ≥ 7 at diagnosis. Of the 1012 total incident cases, 411 were advanced and 437 were nonadvanced; we were unable to classify 164 cases because of insufficient information.
Dietary assessment methods
The men completed short self-administered questionnaires annually, which assessed dietary and other lifestyle habits. At 18 wk and 24 mo, the men reported their consumption of cold breakfast cereal, whole milk, and skim milk; at 12 mo, they reported intakes of cheese and ice cream. Cold breakfast cereal was considered a major contributor to dairy product consumption because of the milk that is usually consumed with cereal; the original milk questions assessed consumption of only glasses of milk. For cereal, whole milk, and skim milk, we averaged intake values from the 18-wk and 24-mo questionnaires because the average was likely to better reflect overall long-term intake than either value alone (18) . We considered these 5 foods to be the main contributors to dairy product intake and combined their information to create a dairy score, representing servings of dairy products per day.
We were also interested specifically in the effects of calcium on prostate cancer risk. To estimate how well these 5 dairy foods captured total calcium intake, we used the comprehensive dietary database from the HPFS from 1986. The HPFS had information on the consumption of 131 food items, including 13 dairy products. To examine the adequacy of using the 5 foods alone to estimate total dietary calcium intake, we created a linear regression model in which total dietary calcium was the dependent variable and intakes of whole milk, skim milk, cold breakfast cereal, cheese, and ice cream were the independent variables. The R 2 was 0.82, indicating that these foods accounted for Ϸ82% of the variation in calcium consumption and would provide a reasonable estimate of calcium intake. Thus, for the current investigation, we estimated individual daily calcium intake by summing the daily calcium contributions from each of these 5 dairy foods. One serving of cold breakfast cereal contributed the same amount of calcium as one serving of skim milk; 73% of the men consumed whole milk less than once per week, and only 6% of the men consumed whole milk once per day or more. The total calcium contributed by each dairy food was the product of the frequency of consumption of each food and the calcium composition (19) of specified portions of each food.
Statistics
To examine the effects of dairy product and calcium intakes on prostate cancer risk, we used unconditional logistic regression models to calculate odds ratios and 95% CIs as estimates of RR. The RR provides an estimate of the magnitude of the association between exposure and disease by comparing the risk of disease in one group exposed to some factor (eg, high dairy product intake) with the risk of disease in another group not exposed to the factor. Thus, an RR of 1.0 indicates a null result or no difference in disease risk by that factor. CIs provide an estimate of the precision of the RRs; CIs that do not include the null value of 1.0 are statistically significant at the 0.05 level. We also examined linear trends by considering the medians of the categories for each nutrient or food as continuous variables in a logistic regression model. All statistics were calculated by using SAS (version 6.12; SAS Institute Inc, Cary, NC). A 0.05% significance level was used for all tests.
We controlled for the following baseline characteristics: age (in 12, 3-y categories), randomized treatment assignment in the original trial (aspirin: yes or no; ␤-carotene: yes or no), quintiles of body mass index (in kg/m 2 ), smoking (never, past, current, and missing), and exercise (exercised vigorously 1-3 times/mo, 1-4 times/wk, 5-7 times/wk, or missing). We controlled for body mass index and exercise to minimize potential confounding due to total energy intake.
The dietary questionnaires were not comprehensive; thus, we were unable to adjust for total energy directly. To minimize misclassification due to general over-and underreporting and to partially adjust for potential confounding by total energy or food intake, we created a food score that was the sum of servings per month of the 29 other food items asked about during the first 2 y. These foods included chicken, 3 types of fish, beef, processed meats, cookies, chips, nuts, fried foods, and 13 types of fruit and vegetables. We included quintiles of this food score in a secondary analysis of dairy product and calcium intakes to approximately control for total food and energy consumption. This method was examined and used previously in a Swedish casecontrol study of dairy product intake, calcium intake, and prostate cancer risk (7) . In that study, which included a comprehensive diet assessment, we observed that adjusting for major food groups such as meat, vegetables and fruit, dairy products, and grains had approximately the same effect on the main associations as adjusting for total energy.
Data on usage of supplemental vitamin E were collected in 1982 and there is some evidence that supplemental vitamin E might protect against prostate cancer (20) (21) (22) . However, < 5% of the men used supplemental vitamin E, and inclusion of this variable in our multivariate models did not alter the main results; thus, we did not retain vitamin E in the final multivariate models.
Our primary analysis was to examine dairy product and calcium intakes and prostate cancer risk. We categorized dairy product intake into approximate quintiles; cutoffs for the dairy calcium categories were based on the amount of calcium in 0.5, 1, and 2 servings of milk (single servings of skim and whole milk were considered to contain 307.5 and 291 mg Ca, respectively). We were also interested in whether any associations were stronger for advanced cases, as was reported in other studies (6, 7) .
A proposed mechanism for a positive association between dairy product intake and risk of prostate cancer is that calcium intake suppresses the production of 1,25(OH) 2 D 3 . In a previous nested case-control study (23) , we examined the relation between vitamin D metabolites and prostate cancer. To examine the biological plausibility of this hypothesized mechanism, we examined the association between intake of calcium and plasma 1,25(OH) 2 
RESULTS
The baseline characteristics of the study population by categories of dairy product intake are presented in Table 1 . Men who consumed the most servings of dairy products per day tended to smoke slightly less, exercise more frequently, and be older and were more likely to be current users of multivitamins than were men who consumed the least servings of dairy products.
Men in the highest categories of dairy product and calcium intakes had a statistically significant Ϸ30% greater risk of prostate cancer than did those in the lowest consumption categories ( Table 2) . We observed significant, positive linear trends for both dairy product and calcium intakes. Each additional 500 mg Ca from dairy products consumed per day corresponded to a 16% increase in risk of prostate cancer (P = 0.03). When we further adjusted for quintiles of the food score, the results were similar although slightly attenuated.
We considered the possibility that the elevated RRs reflected simply an increased risk associated with greater overall food consumption. When we examined several other foods (chicken, fish, and eggs) individually, however, we found no such general increase in risk with increasing quartiles of consumption, and adjustment for total food intake had little effect on the estimates for calcium (Table 2) .
Because the dietary data were not complete, we could not examine total fat or protein intake as potential confounders of the dairy product and calcium associations. However, we did calculate intakes of dairy fat and dairy protein from the 5 dairy foods used to compute dairy calcium. Neither of these was significantly When we considered the individual association of each of the 5 dairy foods with prostate cancer risk, only skim milk was significantly positively related when men who consumed one or more servings per day were compared with nonconsumers (multivariate RR: 1.32; 95% CI: 1.12, 1.56). Skim milk (from cereal and individual glasses) was the major contributor to dairy product intake (accounting for 48% of total dairy product intake) and contains more calcium than any of the other dairy items. Calcium from skim milk (from cereal and individual glasses) accounted for 57% of the total assessed dairy calcium intake.
Dairy product intake was equally associated with risk of advanced and nonadvanced prostate cancer. The multivariate RRs for being in the highest versus the lowest consumption group of dairy products were 1.38 (95% CI: 0.95, 2.01) and 1.42 (95% CI: 0.98, 2.04) for advanced and nonadvanced cases, respectively. For calcium intake, the multivariate RRs comparing extreme categories were 1.30 (95% CI: 0.94, 1.78) and 1.47 (95% CI: 1.08, 1.98) for advanced and nonadvanced cases, respectively.
To investigate the possible suppression of production of 1,25(OH) 2 D 3 by calcium, we examined the cross-sectional association between dairy calcium intake and plasma 1,25(OH) 2 D 3 concentrations in a subset (n = 373) of the study population who provided blood samples at baseline, had vitamin D metabolites measured in a previous investigation (23) , had complete data on baseline dairy product intake, and did not subsequently develop prostate cancer. Although the serum and dietary information was collected at baseline when all men were clinically free of cancer, we limited our analysis to those men who did not develop prostate cancer later because some men may have been harboring latent undiagnosed prostate cancer.
In a linear regression model adjusted for age, body mass index, and smoking status, dairy calcium was significantly inversely associated with 1,25(OH) 2 D 3 concentrations: for every 300-mg increase in total daily calcium consumption from dairy products, 1,25(OH) 2 D 3 concentrations declined 2 pmol/L (1.02 pg/mL; ␤ = -0.0034, P = 0.007). The association was stronger when we examined 1,25(OH) 2 D 3 and calcium intake from skim milk, probably because the single skim milk variable was assessed with less measurement error than the total calcium variable, which includes measurement error from each of its component foods. Men consuming > 600 mg Ca/d from skim milk had a lower age-standardized mean concentration of 1,25(OH) 2 
DISCUSSION
Our results, which are consistent with the results of previous studies (4, (6) (7) (8) , support the hypothesis that intakes of dairy products and of calcium are positively associated with prostate cancer risk. The positive associations for dairy products, and dairy calcium especially, remained even after adjustment for the total food score. Thus, our inability to control for total energy probably introduced little or no bias, and random misclassification of the main exposure as the result of incomplete dairy calcium assessment would lead to an underestimate of any true association (24) . 2 Adjusted for baseline measures of age in 12, 3-y categories, smoking (never, past, current, or missing), vigorous exercise (1-3 times/mo, 1-4 times/wk, 5-7 times/wk, or missing), body mass index (quintiles), and randomized treatment assignment in the original trial (aspirin, ␤-carotene, or placebo).
3 Adjusted for all of the above plus quintiles of the food score. Analysis based on 18 761 men, including 889 incident prostate cancer cases, after excluding men with missing food score data. 4 Trends based on the medians of the categories.
Data from the HPFS comprehensive dietary database indicated that we captured most of the interindividual variation in calcium consumption with our 5 dairy foods. The HPFS and Physicians' Health Study populations are both composed of mostly white male US health professionals; thus, it is reasonable to assume that the interindividual variances for calcium consumption in these populations are similar. The lack of information on calcium from nondairy foods was of less concern because vegetable calcium is substantially less bioavailable than is dairy calcium (25) .
We could not contrast categories as extreme as those in the HPFS because we did not collect information on supplemental calcium intake. This probably added a moderate amount of misclassification to our analysis, which would lead to an underestimation of any true association. However, within the range of calcium intake in our cohort, the RRs were similar to comparable groups in the HPFS. In the HPFS, men consuming 500-999 mg total Ca/d compared with < 500 mg/d had a multivariate RR of 1.20 for total prostate cancer and of 1.49 for metastatic prostate cancer (6) .
Given the high correlation between dairy product and calcium intakes, we cannot exclude the possibility that some other component of dairy foods (eg, dairy fat) accounted for the observed associations. However, skim milk was the dairy food most strongly related to risk, and dairy fat and dairy protein were not significantly associated with risk. Additionally, in the Swedish study and the HPFS, the effect of calcium was independent of total fat and other major nutrients (6, 7) .
In the HPFS, supplemental calcium intake was associated with greater risk of metastatic prostate cancer independent of dietary calcium consumption (6), whereas in a large case-control study (n = 697 cases), Kristal et al (14) observed no such association. However, the latter study had low power to examine associations with metastatic disease because 75% of the cases were stage A or B and < 10% of the case and control subjects used calcium supplements. In the current investigation, we assessed only dairy product and dairy calcium intakes, but observed significant positive associations.
The serum calcium concentration is tightly regulated and is unlikely to influence prostate cancer development directly. Rather, if the association between calcium and risk is causal, then a third factor probably mediates the effect. Physiologic concentrations of dietary calcium can suppress the production of circulating 1,25(OH) 2 D 3 (26) , and the results of in vitro, in vivo, and epidemiologic studies suggest that 1,25(OH) 2 D 3 may protect against prostate cancer (4, 5, 23, (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) .
1,25(OH) 2 D 3 is the most active form of vitamin D and is important for calcium and phosphorous metabolism (38) . When the circulating calcium concentration is low, 1,25(OH) 2 D 3 acts on the bones, kidneys, and intestines to increase it (38) . However, if the circulating calcium concentration is high, 1,25(OH) 2 D 3 production is suppressed by the down-regulation of parathyroid hormone (38) . Despite the tight regulation of the plasma calcium concentration, in this population, we observed cross-sectional, inverse associations between total dietary and skim milk calcium intakes and a single measure of plasma 1,25(OH) 2 D 3 (r = Ϫ0.15, P = 0.004). The ␣-Tocopherol ␤-Carotene Cancer Prevention Trial observed a similar inverse correlation for plasma 1,25(OH) 2 D 3 and dietary calcium intake (r = Ϫ0.14, P = 0.05) (8 In vitro, 1,25(OH) 2 D 3 and its analogues inhibit cellular proliferation and promote the differentiation of prostate cancer cells (30, (32) (33) (34) (35) (36) (37) (39) (40) (41) . In rodents, administration of 1,25(OH) 2 D 3 or its analogues is associated with reduced growth of colon and prostate gland tumors (42) (43) (44) . In humans, higher circulating concentrations of prediagnostic 1,25(OH) 2 D 3 were linked with a lower risk of prostate cancer in 1 study (5), but not in 3 others (23, 29, 45) . Thus, a growing body of experimental evidence suggests that high circulating 1,25(OH) 2 D 3 concentrations may be beneficial in opposing prostate cancer development, but the results of studies in humans in which a single serum measure of 1,25(OH) 2 D 3 was used are conflicting.
On the other hand, specific polymorphisms of the vitamin D receptor gene are significantly inversely associated with prostate cancer risk (28, 46, 47) , particularly in men with low concentrations of 25(OH)D (48) . There is also evidence for an interaction between vitamin D metabolite concentrations and vitamin D receptor genotype and prostate cancer risk (48) .
In conclusion, this report supports and extends previous observations that high intakes of dairy products, and of calcium from dairy foods specifically, are associated with an increased risk of prostate cancer. These findings may serve to interject a note of caution into the current enthusiastic promotion of a higher intake of calcium in the United States. Additional prospective investigations of this hypothesis, including a more comprehensive assessment of diet and supplement usage, are warranted.
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